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Fire regimes are changing due to both anthropogenic climatic drivers and vegetation man-
agement challenges, making it difficult to determine how climate alone might influence
wildfire activity. Earth has been subject to natural-background climate variability throughout
its past due to variations in Earth’s orbital parameters (Milkankovitch cycles), which provides
an opportunity to assess climate-only driven variations in wildfire. Here we present a
350,000 yr long record of fossil charcoal from mid-latitude (~35°N) Jurassic sedimentary
rocks. These results are coupled to estimates of variations in the hydrological cycle using clay
mineral, palynofacies and elemental analyses, and lithological and biogeochemical signatures.
We show that fire activity strongly increased during extreme seasonal contrast (monsoonal
climate), which has been linked to maximal precessional forcing (boreal summer in perihe-
lion) (21,000 yr cycles), and we hypothesize that long eccentricity modulation further
enhances precession-forced fire activity.
https://doi.org/10.1038/s43247-021-00307-3 OPEN
1WildFIRE Lab, Global Systems Institute, University of Exeter, Exeter, UK. 2 Camborne School of Mines, University of Exeter, Penryn Campus, Penryn, UK.
3 Environment and Sustainability Institute, University of Exeter, Penryn Campus, Penryn, UK. 4 Biogéosciences, Université de Bourgogne/Franche-Comté,
Dijon, France. 5 Department of Environment, Earth and Ecosystems, The Open University, Milton Keynes, UK. 6Department of Geology, Trinity College
Dublin, The University of Dublin, Dublin, Ireland. ✉email: t.p.hollaar@exeter.ac.uk









Earth is currently experiencing rapid climatic change due toanthropogenic carbon emissions since the industrialrevolution1 and this in turn, appears to be contributing to
variations in wildfire activity across many regions of the globe2.
However, it is difficult to disentangle natural wildfire climate-
drivers from anthropogenic influences on ignitions3, human-
driven shifts in distribution of vegetation types across the
landscape4, or fuel management practices5. This makes the study
of palaeofire of utility in disentangling the role of land manage-
ment practices4,5 from climate change alone in driving variations
in wildfire activity. Natural forcings (such as Milkankovitch
cycles) act to influence climate variations6, have done so
throughout Earth’s long past7,8, and provide an excellent frame-
work to study how regular background climatic shifts can influ-
ence fire activity.
Milankovitch theory describes how Earth’s orbital motions of
precession, obliquity and eccentricity determine the seasonal and
latitudinal distribution of insolation received on Earth and, to a
smaller extent, the net received solar radiation9,10. These orbital
processes cause variations in average regional and global tem-
peratures and ice sheet growth (e.g. forcing the Pleistocene glacial
cycles), seasonality, monsoonal strength, and associated storm
activity11–13. All of these factors feed back into determining
vegetation type and abundance as well as weathering and runoff
from the land to the ocean, ocean mixing, productivity and
marine and terrestrial carbon burial14–18.
Orbital processes operate at multiple timescales, in the present day
from ~21,000 years (precession), ~40,000 years (obliquity), ~100,000
years (short eccentricity) and ~405,000 years (long eccentricity), as
well as longer period amplitude modulations19–21. As an example,
currently the Earth is in aphelion on the 4th of July (leading to a
relatively cool summer in the northern hemisphere), with the Earth’s
orbit also close to lowest eccentricity (minimum)22,23. In other
words, the current, near circular shape of the Earth’s orbit should
result in smaller seasonal extremes that provide a weaker summer
monsoon and milder winters. Over the next ~50,000 years Earth will
gradually move into an eccentricity maximum, hence seasonal dif-
ferences and monsoonal climates will amplify in both hemispheres
according to precessional phase24.
Orbital cycles have been shown to influence wildfire activity
as evidenced by assessment of variations in the abundance of
fossil charcoal25–31, which is understood to provide a proxy for
wildfire activity in Earth’s past32. For example, orbitally driven
wildfire activity has been inferred for the Middle Pleistocene to
Holocene from sites in southern Africa that show increased char-
coal (fire activity) over a precessional cycle, driven by amplification
of the African monsoon27. Here, the increased amount of mon-
soonal rainfall, during maximal precessional forcing (austral
summer coincides with perihelion), likely seasonally enhanced the
vegetation abundance (fuel) in flammable grasslands in an other-
wise dry climate, thus promoting fire activity27. Similarly, Hao
et al.33 also found variations in fire activity, evidenced by both
charcoal and soot deposition over a single precessional cycle pre-
served in Holocene aged sediments of Quighai Lake in China.
Other studies have assessed records of charcoal and black-carbon
over long stretches of Quaternary time25,26,28,30,31,34–36 and have
suggested variations in fire activity linked to marine isotope stages,
which are driven by orbital cycles. Kappenberg et al.35 found evi-
dence for enhanced fire during periods of warm/humid climatic
conditions that they linked to the influence of short eccentricity
(100,000 year cycles) on shifts in vegetation type. Hence, although
the importance of orbital forcing on Earth’s climate and the
environment is well recognized, an understanding of its impact on
wildfire activity is predominantly limited to the Quaternary record.
Long-term, deep-time trends in orbitally driven climate cycles
and their influence on wildfire activity during periods of global
warmth are understudied. Recently Zhang et al.29 suggested the
presence of variations in the ratio of the coal macerals vitrini-
te:inertinite in the Middle Jurassic coals of the Yan’an Formation
of China, where inertinite is considered to be fossil charcoal
preserved in coal37. Increased amounts of inertinite are observed
to vary with a periodicity that occurs on average every 0.9 m
through the coal succession. This cycle has been suggested to
represent orbital precession on the assumption that average coal
accumulation rates of published studies apply to the fossil coal
successions in the Ordos Basin (China)29. Despite the hint of a 21
kyr orbital forcing on wildfires affecting ancient mires, the age
model for these coal seams has not been astrochronologically
tuned, making it difficult to assess the true drivers of this
apparent cyclicity. There remains to our knowledge no study that
assesses climate-wildfire relationships over the long stretches of
Earth’s history required to get near to capturing the influence of
the long eccentricity orbital cycle.
Orbitally paced deposition of marine sediments in the Early Jur-
assic (201.4–174.1Ma) of the UK is well documented14,16,38–44, and a
high-resolution astrochronological age model already exists for the
marine Pliensbachian (~192.5–183.8Ma) in the Llanbedr (Mochras
Farm) borehole (Fig. 1, Supplementary Figs. 1, 2)43,45,46. This location
in the Cardigan Bay Basin (west Wales), with an Early Jurassic mid-
palaeolatitude of ~35°N (Fig. 1) exhibits multiple lithological couplets
of: 1) clay and organic-matter enriched dark grey calcareous mud-
stone, and; 2) carbonate-rich, pale grey mudstone (Fig. 1)43,46.
Changes in lithology and elemental concentrations within this sedi-
mentary record have been shown to occur at the astronomical
(Milankovitch) periodicities of ~21, ~100 and ~405 kyr, reflecting
precession and short and long eccentricity43,45. The presence of these
short and long eccentricity cycles are supported by an independent
analysis of the carbon isotope (δ13Corg) record that exhibits a similar
cyclicity46 (Supplementary Fig. 2), and via a range of power spectral
analyses of the Ca time series data, including a discussion of the red
noise models used45. The latter study confirmed that a 2π resolution
MultiTaper Method power spectral analysis resolves a 6m cycle
(expression of 100 kyr eccentricity in accordance with the
GTS201247) above the 99% confidence limit45.
Here we present a high-resolution and astronchronologically
tuned record of wildfire activity that focuses on an interval of the
Mochras succession that most clearly shows the expression of
precession and eccentricity43,45,46 (Fig. 1), and which allows us to
examine the link between wildfire and climatic shifts. This
interval also lacks any large perturbations in δ13Corg (and thus
disruptions to the global carbon cycle) that would have been
related to non-Milankovitch forcing (Supplementary Fig. 2 grey
band), hence we ascertain that any periodic variability in charcoal
(and thus wildfires) are linked to orbital forcing. Charcoal data
were obtained from >139 samples taken from ~17 m of the Upper
Pliensbachian Margaritatus Zone (Supplementary Fig. 1), where
they were sampled at an approximate 2000 year temporal reso-
lution (ref. 43; Fig. 1). The section studied represents ~350,000
years and sits within part of the long-eccentricity cycle number
459 ± 1 (Supplementary Figs. 1, 2)10,47,48. We present counts of
46,204 macrocharcoal particles (>125 μm) and counted projec-
tions of >15 million microcharcoal particles (<125 μm) which are
coupled to X-ray diffraction (XRD) analysis of clay mineral ratios
and XRF elemental analyses at the same sample resolution.
In the present day, the nature of the clay minerals formed in
soils depends on the intensity of the weathering processes and
in particular on hydrolysis which itself depends on precipita-
tion, temperature, humidity and erosion related to runoff49. For
example, smectite forms preferentially in a warm climate with
contrasting seasonal humidity, while kaolinite forms in a reg-
ularly warm and humid climate determining a high intensity of
hydrolysis50–52. Hence, coupling of clay mineral ratios in the
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studied samples, with estimated changes in wildfire activity
enables linkages to be made between variations in wildfire and
the regional hydrological cycle in our studied section. We
further present a palynofacies analysis in order to provide
information on the source of the constituent marine and ter-
restrial organic matter particles53. This allows for inferences on
the influence of shifting temporal and spatial variations in
rainfall patterns on vegetation (the fuel for wildfires), and
assessment of the potential for preservational changes of the
organic matter particles, or shifts in runoff intensity, that might
otherwise bias the wildfire and vegetation signal. In addition,
we report the total organic carbon (TOC) and carbonate con-
tent, and the bulk organic carbon isotopic composition
(δ13Corg) of the studied samples, to further assess whether non-
orbital climatic changes could be responsible for variations in
inferred fire and hydrology. Our aim is to test the hypothesis
that orbitally driven shifts in the hydrological cycle regulate
wildfire activity in a pre-anthropogenic world, indicating that
relatively low-level background changes in climate alone have
been able to influence wildfire activity. We show that charcoal
abundances and inferred wildfire activity naturally fluctuate
substantially on short (precession) and long (one near complete
405-kyr eccentricity cycle) time scales, and particularly during
inferred maximum eccentricity when precession cycles are most
strongly expressed.
Results and discussion
The studied section has alternating carbonate-rich and TOC-
enhanced lithological couplets, with a high abundance of carbonate
present throughout, and so the apparent abundance of charcoal
particles could be influenced not only by variations in terrestrial
influx but also by carbonate dilution. In order to account for the
latter possibility, charcoal abundances have been normalized by the
(Si+Ti+Al+Fe)XRF/CaXRF ratio (Supplementary Fig. 3), following a
similar approach used by Daniau et al.27.
Evidence for variations in wildfire driven by long-term changes
in the hydrological cycle. Our analyses reveal a major shift in
both macro- and micro-fossil charcoal abundance within the
studied Pliensbachian (Margaritatus Zone) section from
934–951 mbs (metres below surface) (Fig. 2). Low charcoal
abundance is observed between 951 and 944 mbs, followed by an
interval between 944 and 934 mbs of high charcoal abundance.
This upper part shows a mean four-fold greater abundance of
macrocharcoal and a two-fold increase in microcharcoal. This
substantial increase in charcoal abundance starting at 944 mbs
does not correspond to any major change in lithology or to any
large variation in the abundance of terrestrial phytoclasts (Fig. 2),
with the latter accounting for on average ~28% of the total ter-
restrial organic particles throughout the studied section. The
observations imply that this major shift in charcoal abundances is
a true signal of wildfire rather than of major facies change or
preservational artefact.
A similar pattern is apparent in our chemical analyses, where
mean CaCO3 content for the lower part of the section is 54% and
rises to a mean of 61.5% in the upper part (Figs. 1 and 2); mean
TOC is 0.81% in the lower section and 0.91% in the upper section
(Fig. 1); for carbon isotopes, average δ13Corg becomes very slightly
Fig. 1 Stratigraphic context of the Mochras borehole in the Upper Pliensbachian (934–951mbs), Margaritatus Zone, Subnodosus-Gibbosus subzones.
a The Mochras borehole has been cyclostratigraphical tuned based on two independent geochemical time series, elemental Ca record43,45 and δ13Corg46.
The sampled interval for this study shows strong orbital forcing43 and is within the stable part of the δ13Corg record46, allowing examination of climatic
background fluctuations and the effects of Milankovitch cycles on the charcoal record. b The Mochras borehole was located at a palaeo-latitude of
~35°N85, within the Laurasian Seaway86,87 south of the Viking Corridor that linked the NW Tethys Ocean to the Boreal Sea88. Reprinted from ref. 43.
Copyright (2021) with permission from Elsevier. c Detail of the filtered orbital periodicities in the Pliensbachian carbonate record43 are plotted next to data
from this study, and span approximately 350 kyr43,45. Clear alternations of carbonate-rich and TOC-enhanced lithological couplets are observed at a metre
scale, which are forced by precession43. Finally, high resolution δ13Corg data confirms that the 934–951 mbs interval contains only a minor swing of ~0.5‰.
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more positive, shifting from a mean of −26.7‰ (V-PDB) to a
mean of −26.1‰ (V-PDB) (Fig. 1). More notably, the ratio of
smectite/illite (S/I) increases in the upper part of the section from
a mean of 1.2 to a mean of 1.7, whilst the kaolinite/illite (K/I)
ratio shifts from a mean of 0.2 to 0.9 (Fig. 2). All shifts in the
δ13Corg are below ~0.6‰, and therefore no major changes in the
global carbon cycle have been inferred for the studied time
interval46. Thus, major internal Earth-system-forced global
climatic upheavals are unlikely to explain the inferred large shift
in fire activity and other environmental proxies. However, the
study interval spans the minimum and maximum parts of long
eccentricity cycle number 459 ± 1 (Supplementary Fig. 2,
cf.10,47,48), one of a series of such cycles based on previously
published cyclostratigraphic studies of the same core derived
from visual analysis, and Ca and δ13Corg time series data
(Supplementary Figs. 1 and 2)43,46. Although this major shift in
charcoal abundance occurs within a long eccentricity cycle
(Fig. 2), our record does not span sufficient time to robustly test
that fire activity in this record is modulated by that cycle.
However, our analysis does indicate a major shift in the
hydrological cycle throughout the studied section consistent with
such an interpretation.
Clay mineral abundances are used to reconstruct physical
erosion and weathering, and detrital clays fluctuate in abundance
due to changes in the hydrological cycle49,50. In the Pliensbachian
of the Cardigan Bay Basin, smectite is found to be detrital and
therefore reflects a warm, seasonally-wet climate49. Next to this,
detrital kaolinite is formed under a year-long wet, hot
climate50,51. Based on the changes of smectite and kaolinite
abundance we interpret a change in seasonality, where our clay
analyses show that towards the top of the lower part of the
studied succession (~945–944 mbs) the proportion of K/I starts to
decrease whilst S/I starts to increase, reaching minimum K/I and
maximum S/I values half way into the upper section (~940 mbs)
(Fig. 2). In accord with other Mesozoic examples18,46,54 we take
this to be evidence of a switch to a seasonally dry climate at this
time which affected the predominant clay mineral species formed
in the contemporaneous soils50,51. The anti-correlation of
smectite and kaolinite in this study further supports the idea
that the smectite is derived from pedogenic profiles formed under
a temperate and seasonally humid climate49,52,55,56. In the
present study, an increase in carbonate is observed simulta-
neously with enhancement of detrital soil-formed smectite
(934–944 mbs, Fig. 2). This coupling is in good agreement with
the long-term Pliensbachian clay mineral record from Mochras49,
where an increase in the proportion of S/I corresponds to
carbonate-rich intervals and the relative abundance of K/I rises
coevally with organic carbon-rich deposits (Supplementary Fig. 3).
This suggests that the lower part of the studied section between
951 and 944 mbs records a moist climate regime of low
seasonality and that the upper part of the section between 934
and 944 mbs records a climate regime in which strong seasonality
occurred commonly (Figs. 2 and 3).
The nature of fuels, both plant type and moisture status,
strongly influence ignition and fire behaviour57,58,59. These
factors tend to follow seasonal trends in the modern day and
are driven by the balance of temperature and precipitation, which
determines relative humidity, and amount and type of vegetation,
as well as its moisture content. Vegetation (fuel) types would not
have been the same as today, because neither flowering plants nor
grasses had evolved in the Jurassic. A study of the organic walled
phytoplankton from the Mochras core noted the presence of
some terrestrial sporomorphs60 and found that the pollen grain
Classopollis spp. dominates the pollen assemblages, whilst spore
Fig. 2 Short and long cyclic alternations are observed in the proxy records during the studied interval. A major shift at ~944mbs is observed in the
calcium-carbonate, smectite/illite, kaolinite/illite, percentage of terrestrial organic particles and the macro- and micro-charcoal abundance. The moving
average (~1 m) of the percentage terrestrial phytoclasts is displayed in the light grey curve. TOC-enhanced lithological beds are marked by a light grey bar,
with the carbonate-rich layers displayed in white. In the part of the record where there is evidence for strong seasonality (i.e. S/I-rich) the expression of
precession is visible in large macrocharcoal peaks, which are coeval with carbonate-rich beds. We hypothesize that this interval (~934–944 mbs) lies
within an increasing phase of a long eccentricity cycle. The orbital filters are derived from the elemental Ca record of Ruhl et al.43 spanning the
Margaritatus Zone of the Pliensbachian of Mochras.
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abundance is generally low. Classopollis pollen, which derive from
a now extinct group of conifers61, the cheirolepidaceans,
constitute a substantial to dominant proportion of the total
pollen observed (30–95%) in the Margaritatus Zone of the
Mochras core60. Hence, the forest floors on the emergent land
surfaces around the Cardigan Bay Basin, in which the Mochras
sedimentary archive was deposited, were likely needle-litter
dominated, and would have supported an understory of ferns,
tree ferns and cycads62. The temperate climate zone in which the
Cardigan Bay Basin was situated at this time63,64 likely favoured
the presence of such an understory during wet phases; both
throughout the prolonged annual-humid climate (K/I enhanced
interval) and during the seasonal (monsoonal) wet phases of the
seasonal-arid climate (the S/I dominated interval).
These changes in seasonality over multi-100-kyr timescales, have
been linked to eccentricity forcing in the Jurassic, which by
modulation of precession forcing, regulates monsoonal strength and
hence runoff41,43,46,65. Eccentricity pacing of pollen to spore ratios
has been interpreted for the End Triassic/Early Jurassic from the
neighbouring Bristol Channel Basin, with increased relative
abundance of pollen linked to an intensified monsoon65. It has
been suggested that the expansion of humid and semi-arid climate
zones to higher latitudes66 during eccentricity maxima caused
precipitation to penetrate further into the hinterland of this
region65. This interpretation posits an expansion of dry-adapted
vegetation such as cheirolepidacean conifers into larger areas in the
hinterland of the Bristol Channel Basin during eccentricity
maxima65. Hence the shift we observe in moisture regime (e.g.
clay data) at Mochras could similarly be linked to the orbital cycle
of eccentricity and the shifts in vegetation and flammability in the
surrounding landmasses of the Cardigan Bay Basin.
Conifers have biochemical and morphological traits that make
them particularly flammable whether dry or live58,67. Ferns
are known to be flammable when fully cured (dry) and, indeed,
Fig. 3 Schematic model of eccentricity modulated, precession driven changes in seasonality and wildfire over the studied interval. a Magnitude
changes in seasonality are plotted on the x-axis over relative time (kyr) on the y-axis. One precession cycle contains ~10 kyr of relatively high seasonality
(red) and ~10 kyr of relatively weaker seasonality (green) (for the Northern Hemisphere). Strongest seasonality is found during maximal precessional
forcing (hemisphere specific summer coinciding with perihelion), coinciding with maximum 405 kyr eccentricity. The 405 kyr eccentricity modulation is
schematically drawn in the green to red curve, with higher amounts of kaolinite indicating a year-round wet season and an acceleration of the hydrological
cycle, whereas enhanced amounts of smectite indicate the presence of a dry and wet season (monsoonal climate). Coupled to a change in the hydrological
cycle, we hypothesize that vegetation shifted from humidity loving species to flora that thrived in a seasonally dry climate. b Magnitude changes in wildfire
activity are plotted on the x-axis and relative time (kyr) on the y-axis, with low fire activity on the left (yellow) to high fire activity on the right (red). Coeval
with changes in seasonality, fire activity changes over each precession cycle, which contains ~10 kyr of relatively high wildfire activity (and seasonality) and
~10 kyr of relatively low wildfire activity (and seasonality). Next to this, wildfire activity is influenced by the 405 kyr modulation. The dashed black line
indicates a fire threshold, after which the seasonal contrast is likely extreme enough to lead to enhanced charcoal and smectite in the fossil record.
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high dry-fern fuel loads can carry intense fires58. However, four out of
five species of live/fresh moisture ferns were found not to be ignitable
in tests58, whilst all seven species of conifer tested ignited even when
live and moist. Hence, the lack of a dry phase, which is indicated by
our clay record to occur in the K/I rich interval, would likely have
prevented frequent ignition in either moist fern-dominated unders-
tories, or made it less likely in those dominated by fully wet needle
litter. In contrast, the expansion of dry-adapted conifers (enhanced
fuel load) in the proposed monsoonal phase (S/I rich interval) would
have enhanced the abundance of easily ignitable vegetation58. Thus,
during the year-long-wet climate (high K/I), fuel is hypothesised to
have been sufficiently abundant to support fires, but fuel moisture
levels likely rarely fell below the threshold for frequent ignition and
fire spread. During the strong seasonal climate (high S/I), in contrast,
a short wet season would have allowed for rapid increase in vegetation
biomass (fuel), both in conifers and/or ferns, but critically over the
much longer dry season these fuels would have become more easily
ignitable and more capable of carrying intense spreading fires.
Therefore, we conclude that irrespective of changes to vegetation type
and amount (i.e. increased fuel load) fire activity in the region of the
Cardigan Bay Basin increased due to climatically driven effects on fuel
load and its moisture content.
Precession driven variations in wildfires. Superimposed on the
broad shift from lower to higher fire activity discussed above, are
also relatively rhythmic fluctuations in the abundance of both
micro- and macro-charcoal, clay minerals, and terrestrial phy-
toclasts (Fig. 2). Periodic changes in TOC and Ca in the studied
Early Jurassic (Pliensbachian) succession, and associated alter-
nations between darker grey mudstones and paler grey marls/
limestones occur every ~1 m. The astrochronologically tuned
timescale for the whole Pliensbachian part of the Mochras core of
Ruhl et al.43 indicates that a precessional forcing is reflected in the
deposition of these lithological couplets of carbonate-rich
(organic-poor) and more organic-enriched (carbonate-poor)
beds, with the magnitude of variability further modulated by
short and long eccentricity forcing. Whilst, we have accounted for
organic and carbonate dilution in our charcoal records (Supple-
mentary Fig. 4), peaks in charcoal abundance generally appear to
occur in the carbonate-rich part of precession modulated litho-
logical couplets (Fig. 2). For example, this can be seen in the large
peaks in the macrocharcoal record between 935 and 940 mbs;
these peaks are similarly pronounced in the microcharcoal record.
The palynological fraction in this interval shows minor (~28%)
fluctuations in the relative abundance of terrestrial organic par-
ticles vs marine organic particles (Fig. 2), without any correlation
to TOC (r=−0.03) or carbonate concentration (r= 0.02) (Sup-
plementary Fig. 5a and b), implying that the source of the organic
particles does not vary with the lithological alternations on a
bedding-scale (i.e. is not a taphonomic artefact). We found no
correlation (r= 0.02) for macrocharcoal and very weak positive
correlation (r= 0.27) in microcharcoal (Pearson correlation)
(Supplementary Fig. 5c and d) between the charcoal content and
the relative abundance of terrestrial compared to marine organic
matter particles through the studied section. This hints that there
may be additional factors influencing the microcharcoal abun-
dance, such that the microcharcoal record provides a less reliable
record of fire activity in this case.
The previously established astrochronological time-scale for
the studied sedimentary succession43 allows for our wildfire and
clay data to be analysed in the time-domain (with the new data
tuned to the 100 kyr eccentricity cycle derived from the elemental
Ca record; Fig. 1, Supplementary Fig. 1). Power spectrum analysis
for the data in the time domain shows: (1) Ca, TOC and illite
peaks at 99% confidence, with a periodicity of ~40.5–29.5,
~27.4–21.8, ~18.5, ~17–14 kyr (Supplementary Fig. 6) (we found
no relationship between kaolinite/illite or smectite/illite ratios at
any of these periodicities); (2) macrocharcoal abundance peaks at
over 99% confidence, with a periodicity of ~46–29.7 kyr and
~20.3–17.6 kyr (Fig. 4); (3) the percentage of terrestrial
phytoclasts also appear to peak at periodicities of ~50 kyr and
~28–23.9 kyr at 95% significance and at a periodicity of 19.7–17.4
kyr at 99% significance (although these do not obviously correlate
with lithological changes (Fig. 2, Supplementary Fig. 5 and 6)),
and; (4) there is no similar periodicity in the microcharcoal
record (Supplementary Fig. 6), likely because the signal has been
interfered with owing to the addition of terrestrial influx, as
evidenced by the weak but positive correlation between micro-
charcoal and the relative abundance of terrestrial material (e.g.
r= 0.27).
In the Jurassic, precession cycles had periodicities that averaged
around ~20 kyr and obliquity cycles that averaged around ~35
kyr10,68,69. The new 100 kyr eccentricity tuned data in the time
Fig. 4 Multi-taper (MTM; 2π) power spectrum of the macrocharcoal record ((Si+Ti+Al+Fe)XRF/CaXRF normalized) in time domain. This power
spectrum was obtained in the Acycle software, with robust red noise models100. Dominant peaks are shown at the obliquity (~46–29.7 kyr) and precession
(~20.3–17.6 kyr) frequency bands at 99% significance. The macrocharcoal record was tuned to the 100 kyr eccentricity of the elemental Ca record
spanning the Margaritatus zone (see Supplementary Fig. 1). The Ca record is derived from Ruhl et al.43.
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domain appears to show strong evidence for precession-controlled
higher frequency fluctuations in palaeoclimatic and environmental
change, and associated fluctuations in wildfire (macrocharcoal)
(Figs. 2 and 4; Supplementary Fig. 6).
In the upper part of the section, macrocharcoal abundance varies
between as much as 3 and 1973 particles per 10 g of sediment
(normalized) over ~20 kyr precessional scale cycles, whilst micro-
charcoal ranges between ~5.8 × 103 and ~4 × 105 particles per 10 g of
sediment (normalized), although our analysis did not show a regular
alternation on a precessional timescale in the microcharcoal. The
smectite/illite ratio varies between 0.6 and 3.2 over individual
precession cycles throughout the upper part of the section; this in
contrast to a variation between 0.5 and 2.5 in the lower part. This
hints at more extreme (climatic) contrasts attributable to eccentricity
modulation of precession in the upper part (Figs. 2 and 3).
The origin of the fine-grained carbonate in precessional couplets is
likely derived from planktonic organisms and/or localised periplat-
form ooze, albeit with considerable recrytallisation (e.g. Ref. 14).
Carbonate production is facilitated in warm shallow seawater70,71
with low dilution by terrigenous sediment71,72. These factors will
have been influenced by precessional insolation changes that altered
the monsoonal strength. A seasonal (monsoonal) climate would have
influenced riverine flow, carrying clay and nutrients from the
terrestrial to the marine realm during the wet-season. Subsequently
this process would have led to increased productivity in the marine
waters which, together with increased terrestrial runoff and potential
density stratification, could have led to low oxygen levels in the
bottom water14. This would have been followed by a phase of
increased aridity diminishing the overall flux of clay and nutrients
from land to the marine surface waters, leading to fine biogenic
carbonate dominating the deposited sediment14. Thus, carbonate-
enriched sedimentation in the Cardigan Bay Basin possibly
corresponded to maximal precessional forcing (boreal summer in
perihelion), where a strong monsoon led to strong seasonality and a
prolonged dry period. These carbonate-rich beds, which host the
greatest charcoal content, are therefore likely linked to a strongly
seasonal climate and a monsoonal system. It is likely that eccentricity
modulation of the precession signal was further enhanced due to the
position of the continental plates either side of an equatorial Tethys
ocean during this period of Earth history, which enabled the
existence of a so called ‘megamonsoon’73–78.
Peaks in illite abundance also correlate to these carbonate-rich
beds (Supplementary Fig. 7). A rise in illite, relative to kaolinite and
smectite, signifies a higher degree of physical erosion relative to
chemical weathering49. Erosion of poorly evolved soil profiles led to
lower nutrient supply to the basin. This scenario is favourable for
calcifying organisms, because organic phytoplankton blooms during
high nutrient conditions would otherwise have outcompeted the
calcifying organisms for substrate79. Such an increase in physical
erosion can be expected during intense monsoonal rainfall80,81. An
alternative interpretation is suggested by the co-existence of high
charcoal abundance and illite minerals (Fig. 2), as the transformation
of illite from smectite in soils has been shown to be activated by
wildfire82–84. This phenomenon could potentially also explain the co-
occurrence of illite, CaCO3 and macrocharcoal on a precessional time
scale (Fig. 2). Both scenarios, either that of enhanced physical erosion
or wildfire induced in situ transformation of clays, may have
provided an input of illite during a more seasonal climate regime.
Hence, increased fire activity appears to occur during a strongly
seasonal climate phase forced by climatic shifts over precessional
timescales (Fig. 3).
A similar mechanism has been proposed for precession driven
wildfire activity in the Quaternary subtropics of South Africa27.
During a maximum in precessional forcing (austral summer in
perihelion) the southern hemisphere experienced increased
seasonality, and changes in insolation, shifting the ITCZ
southward. The hot summer experienced a strong monsoon, in
which grasslands gathered biomass, whilst in the cooler and dry
winter, the lowered fuel moisture allowed ignition of dry grasses
and hence an increase in wildfire activity27. Likewise, Zhang
et al.29 suggested that wildfires recorded in Middle Jurassic mires
occurred during phases of high seasonal contrast. It appears that
similarly linked climate and vegetation shifts operated in the
Early Jurassic over precessional timescales, and that these also
drove changes in wildfire activity. Indeed, it has been proposed
that peaks in spore abundance (i.e. wet loving plants) in the
Bristol Channel Basin are modulated by precession, where they
are indicative of an enhanced hydrological cycle and abundant
ferns65.
In conclusion, we argue that fire activity is strongly influenced by
orbital cycles over short (precessional) timescales, with our ~350 kyr
record hinting at a modulation of the observed precession signal in
the fire record by long eccentricity, based on the strongly evidenced
shift in hydrology. We find that fire activity is greater when orbital
changes led to extremes in seasonality (Fig. 3) and these changes in
fire activity appear to be driven by the variations in the hydrological
cycle, which influenced fuel load (vegetation biomass), ignition, and
spread potential. It is expected that orbitally driven climate shifts
also influenced the type of fuel by shifting the composition of
ecosystems. Therefore, we suggest that high-resolution palynologi-
cal studies will help to build further understanding between natural
orbitally forced changes in climate and the composition of
ecosystems on these timescales.
The findings of this research indicate that major shifts in fire
activity were likely related to orbital forcing in the studied mid-
latitude succession of the warm climate of the Early Jurassic.
Quaternary records from low and mid-latitude locations indicate
similarly that increased seasonality was linked to either a longer
dry season (biomass not limited) or a more intense wet season
(increasing biomass) leading to enhanced fire activity. These
findings suggest that in these regions, orbital forcing influenced
long-term fire activity in deep time, as well as in the Quaternary
period. Therefore, orbital forcing likely plays an important role in
determining fire regimes throughout Earth’s history. Our results
highlight that what could be considered relatively minor climatic
shifts have a strong influence on wildfire activity, which helps put
into perspective the apparent shifts in wildfire activity due to
anthropogenic causes2.
Materials and methods
Location and geology. In the Early Jurassic, the Cardigan Bay Basin was located at
a mid-palaeolatitude of ~35°N85, within the Laurasian Seaway86,87 (Fig. 1).
Mochras was situated south of the Viking Corridor that linked the north-western
Tethys Ocean to the Boreal Sea88. Hence, the Mochras location was subject to both
polar and equatorial influences. In the SW, the Tethys Ocean was connected to the
eastern Panthalassa via the Hispanic Corridor during the Early Jurassic89,90.
The Mochras sediments were deposited within a basinal marine setting with
influence from nearby terrigenous sources around the Cardigan Bay area49,91. The
Cardigan Bay Basin sedimentary fill was downthrown against the Early Paleozoic
Welsh Massif by a major normal fault system, that may have comprised the Bala,
Mochras and Tonfanau faults at the eastern and south-eastern margins of the basin
in Late Paleozoic–Early Mesozoic time91–94.
The Mochras borehole, formally ‘Llanbedr (Mochras Farm)’, was drilled
onshore on the Cardigan Bay coast, North Wales (52 48’ 32”N, 4 08’ 44”W)
between the years 1967–196943,92,94,95. Coring recovered a ~1300 m thick Early
Jurassic sequence (601.83–1906.78 mbs), yielding a relatively complete and
expanded Early Jurassic succession that is double the thickness of same age strata in
other well-studied UK and European cores and outcrops43,46,95. The Early Jurassic
sequence is underlain by Triassic and unconformably overlain by Cenozoic and
Quaternary successions95. The relatively homogeneous lithology dominated by
argillaceous sediments with alternating muddy limestones, marls and mudstones
indicates a relatively open- and deep-marine (hemipelagic) setting88.
The sections of the Mochras core are stored in cardboard core boxes at the
British Geological Survey, Keyworth, Nottingham, UK, under ambient conditions.
The Pliensbachian Stage in the Mochras borehole occurs between the depths of
~865 to ~1250 metres below surface (mbs). The interval in the core spanning the
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Pliensbachian comprises mudstone and limestone alternations, with a persistent
cyclicity at ~1 ± 0.5 m wavelength43. Intervals within the Pliensbachian are silty,
locally sandy, and levels of relative organic enrichment occur throughout46.
Relatively continuous slabbed core in one-metre sections are preserved for the
Pliensbachian and Toarcian part of Mochras95. The strata from the Upper
Pliensbachian (Margaritatus Zone), pre-dating the Late Pliensbachian cooling
event, show clear lithological couplets of calcareous mudstone and organic matter
enriched mudstone at the ~1 m scale43.
This interval of the Upper Pliensbachian Subnodosus-Gibbosus subzones of the
Margaritatus Zone, 934–951.3 mbs, was sampled at a high resolution of ~10 cm for
palynological processing, clay mineralogy, bulk organic carbon isotope analysis,
TOC and CaCO3. In total 151 cubes (~2 × 2 cm) were cut from the core sections or,
where the correct depth was present in already cut and bagged sample from
previous studies, this material has been used instead. All samples were split in half
along the depth axis. One part of the sample was used for charcoal and palynofacies
analysis and the other half for XRD and mass spectrometry.
XRD-analysis of clay minerals. Bulk-rock samples (~5 g) were first gently crushed
and powdered by hand in an agate mortar. About 2–3 g of the powdered sample
was then decarbonated with a 0.2 M HCl solution. The clay sized fraction (<2 μm)
was extracted, smeared and oriented on glass slides and subsequently analysed by
X-ray diffraction (XRD) using a Bruker D4 Endeavour diffractometer (Bruker,
Billerica, MA, USA) with Cu Kα radiations, LynxEye detector and Ni filter under
40 kV voltage and 25 mA intensity (Biogéosciences Laboratory, Université Bour-
gogne/Franche-Comté, Dijon). The clay phases were discriminated in three runs
per sample: (1) air-drying at room temperature; (2) ethylene-glycol solvation
during 24 h; (3) heating at 490 °C during 2 h, following Moore & Reynolds96.
Clay minerals were identified using their main diffraction (d001) peak and by
comparing the three diffractograms obtained. The MACDIFF 4.2.5. software97 was
used to estimate the proportions of each clay mineral on glycolated diffractograms.
The identification of the clay minerals further follows the methods in Deconinck
et al.49 and Moore & Reynolds96.
XRF-Elemental analysis. High resolution (1 cm) elemental concentrations were
obtained by automated X-ray fluorescence (XRF) analyses on the slabbed archive
half of the Mochras core for the studied interval (934–951 mbs). XRF analyses were
conducted with the ITRAX MC, with a 30 s measurement window. Long-term drift
Fig. 5 Microscope images of macrocharcoal, microcharcoal and typical palynofacies of the studied interval of the Mochras borehole. a Macroscopic
charcoal particle observed under the stereomicroscope. Identification characteristics are high reflection, brittle appearance, preserved anatomical structure
and black in colour. b View of a typical macrocharcoal sample under the stereomicroscope. c Microscopic charcoal particle observed under an optical
microscope, identification characteristics are opaqueness, black in colour, angular and lath-like morphology. d Typical palynofacies sample from the
934–951 mbs interval of the Mochras borehole. Abundant amorphous organic matter is present, with unstructured and structured terrestrial phytoclasts.
e-g Scanning Electron Microscope (SEM) images of three macrocharcoal particles in the studied interval of the Mochras borehole. These charcoal particles
show cellular structure, tracheids, bordering pits and rays.
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in the measurement values was counteracted by regular internal calibration with a
glass reference. Additionally, every 5 m, a 30 cm interval was duplicated.
TOC and bulk organic carbon isotope mass spectrometry. Part of the crushed
samples for XRD-analysis was further powered in an agate mortar and and taken for
TOC (total organic carbon) and bulk organic carbon isotope analysis. These samples
were decarbonized using 3.3% HCl. The samples were transferred to a hot bath of 79 °C
for 1 h to remove siderite and dolomite. After the samples were centrifuged until neutral
and oven dried, the material was crushed again and weighted in small tin capsules for
mass spectrometry at the University of Exeter, Penryn Campus. A total of 149 samples
have been analysed for TOC, CaCO3 and δ13Corg.
Charcoal and palynofacies sample preparation. Between 10–25 g of sample was
split into ~0.5 cm3 fragments, to minimize breakage of the particles and in order to
extract charcoal and other organic matter using a palynological acid maceration
technique. The samples were treated with cold hydrochloric acid (10% and 37%
HCl) to remove carbonate. After this hydrofluoric acid (40% HF) was added to
further remove silicates. After 48 h, cold concentrated HCl (37%) was added to
avoid calcium fluoride precipitation. After neutralizing, 5 droplets of the mixed
residue were taken for the analysis of palynofacies prior to any sieving. The
remaining residue was sieved through a 125 μm mesh, and both fractions retained
to separate the microscopic and macroscopic fraction of the charcoal, and the fine
fraction sieved again at 10 μm, with the larger part of this retained.
Macroscopic charcoal (>125 μm) was counted using a Zeiss Stemi microscope
(10 × 4 × magnification) with top lighting from a ‘goose necked’ light source. The
entire >125 μm sieved residue sample was dispersed in a Petri dish filled with DI
water and the number of charcoal particles present counted. The number of
charcoal particles is expressed per 10 g of processed rock (n/g) in raw data format.
If large unprocessed clusters of sediment were present in the sample, they were
taken out and weighted after being dried. The dry weight of this unprocessed
sediment aggregation has been deducted from the original sample weight. A total of
139 samples have been analysed for macroscopic charcoal.
A known quantity (125 μl) of the <125 μm but >10 μm of sieved residue was
mounted onto microscope slides using glycerine jelly and glycerate liquid.
Microscopic charcoal was counted using an Olympus (BX53) transmitted light
microscope (40 × 10 × lens). Four transects (two transects in the middle and one
on the left and right side of the coverslip) of each palynological slide were observed
and the numbers of charcoal particles counted. These data were then scaled up to
the known quantity of the sample98. A total of 144 samples were analysed for
microscopic charcoal.
Both size fractions of charcoals were identified according to the following
criteria: opaque and black in colour, reflective of light, lustrous shine, often an
elongated lath-like shape that shows sharp edges, original anatomy preserved, and
fracture is brittle with splintery fragmentation99 (Fig. 5).
Owing to the cyclic deposition of limestone and mudstone units throughout the
section, we accounted for the effect of sediment dilution (dilution by biogenic or
terrigenous material) in our charcoal quantifications. We normalised our macro
and micro charcoal abundances with Ca (biogenic) and Si, Ti, Al and Fe
(terrigenous) content gathered from the XRF trace element analyses, following a
similar approach as Daniau et al.27. We firstly assessed whether changes in the
terrestrial influx (terrigenous) to the marine environment was driving any of the
patterns we were seeing in the charcoal abundances. We normalised the ratios of
the terrigenous elements (TE) to carbonate (Ca) (ΣTE/Ca) and subtracted the
resulting percentage from the raw charcoal data. This effectively allowed us to
express charcoal per gram of decarbonated sediment without any changes in
terrestrial influx (Supplementary Fig. 4). Secondly, as this interval of the Jurassic is
carbonate-rich, it could be that the charcoal and terrigenous element variations
could be due to carbonate dilution.
Therefore, we further explored this normalised estimate for the charcoal
without using Ca. A Pearson correlation (r= >0.88) indicated that Si has the
highest R2 to Al, Fe and Ti. As Si is most similar in pattern to Al, Fe and Ti, Si was
used to ratio Fe, Ti, and Al against. These ratios have also been normalized and this
percentage has been subtracted as a terrestrial influx number from the charcoal
counts per 10 g. All these corrections, including and excluding Ca, are plotted in
Supplementary Fig. 4. All normalised charcoal abundance (micro and macro
charcoal) retain the same pattern of variability as the unnormalized abundances.
Indicating that the variations in charcoal abundances reflect alterations in fire
activity rather than dilution or enhancement from biogenic or terrigenous material.
We also assessed the palynofacies to observe changes in the nature of the
organic material in the different sedimentary units. Palynofacies types were
quantified on a palynological slide using the optical light microscope (40 × 10 ×
magnification). A total of 132 samples have been analysed for palynofacies. The
palynofacies were organized into groups broadly adopted from Oboh-Ikuenobe
et al.53 (see Supplementary Fig. 8). The terrestrial palynomorphs identified are
embryophytic spores and pollen grains derived from land plants; i.e. sporomorphs.
Fungal remains are grouped separately and are recognized by dark brown spores,
filamentous hyphae and mycelia, but were extremely sparse in the studied samples.
Marine palynomorphs group dinoflagellates, acritarchs, prasinophytes and
foraminifera. Fresh water algae were not found in these samples. Next to the
palynomorphs, structured and unstructured phytoclasts form two groups.
Structured phytoclasts are defined as structured remains of land plants, including
lath-shaped or blocky wood particles, parenchyma and thin cuticle fragments. With
the exception of black debris and charcoal, any fragments with some form of
cellular structure or definite shape is included in this category. Unstructured
phytoclasts include highly degraded plant remains with indistinct structure with
colours ranging from yellow to dark brown and nearly black, dark brown debris,
and amber-coloured, globular to angular particles of resin. Charcoal also forms a
group, based on the same characteristics as the microcharcoal (angular, black, lath-
like, original plant structure preserved). Black debris is defined by most particles
that are opaque and often having shapes similar to wood, although some are
rounded and appear to be highly oxidized palynomorphs. This group does not
include pyrite framboids but does include palynomorphs that are filled in with
pyrite, where the original family could not be recognized. Amorphous organic
matter is described as fluffy, clotted and granular masses with colours ranging from
almost colourless to yellow and pale brown. We considered this category to be
marine in origin, where it formed as a result of degradation of algal matter.
Organic particles are counted in transects of the microscope slide up to ~300
particles. If samples are dominated by one type of organic material, counting was
continued until at least 100 other organic particles were counted.
Statistical analyses. We used a Pearson correlation to test for possible correlation
between the proxies and the significance using RMatlab2017b. The p value tests the
hypothesis of no correlation against the alternative hypothesize of a positive or
negative correlation, with the significance level at p= 0.05. See Supplementary
Fig. 5.
Spectral analysis test for orbital cyclicity. Spectral and time-series analysis on
the 934–951 mbs Mochras record of macrocharcoal, percentage illite, percentage
terrestrial phytoclasts and CaCO3 was aimed to test whether the visually observed
lithological-scale fluctuations are paced by precession (~20 kyr) orbital parameters,
and by comparison to the astrochronologically tuned Pliensbachian time-scale at
Mochras. Data preparation and spectral and time-series analysis were performed
using the program Acycle100 for Matlab, version R2017b.
The proxy data-series were converted into a time series by tuning this interval
to the ~100 kyr eccentricity cycle of the Ca record that exists for the Pliensbachian
of Mochras43. This dataset was originally tuned to the 405 kyr cycle by Ruhl et al.43,
but for this interval we tuned the Ca-record of the Margaritatus Zone
(~920–1015 mbs) to the 100 kyr eccentricity peaks, creating 19 tie points (See
Supplementary Fig. 1).
Using this age model, the power spectra were run in the time domain in the
software Acycle100 using the multi-taper method, time-bandwidth product 2 and
the robust red noise model. The main periods (~17–20 kyr, ~21–27 kyr, ~30–50
kyr) observed in the CaCO3, illite, charcoal and percentage terrestrial phytoclasts,
indicate the presence of precession and obliquity in the assessed proxy records.
Subsequently, the dominant spectral components of obliquity and precession were
extracted with Gaussian filtering and compared to the raw datasets. Long term
cycles (100 kyr and 405 kyr) were extracted from the Ca record of Ruhl et al.43
spanning the Margaritatus Zone of the Pliensbachian stage.
Data availability
All raw data used in the research has been made available in the supplementary data file
‘Supplementary Data file 1’. This includes: Additional analyses in Supplementary Notes 1 to
6 and all the relevant data files to repeat this analysis. The Supplementary Data file 1 is
available at the National Geoscience Data Centre at Keyworth (NGDC) at https://doi.org/
10.5285/d6b7c567-49f0-44c7-a94c-e82fa17ff98e. The full Mochras XRF dataset is in ref. 101.
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